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Fireball explosions are explained as a result of 
rapid increases in (1) the air density and (2) cross- 
sectional area of a meteoroid during the descent. The 
latter is due to disintegration of the meteoroid which 
occurs when the ram pressure (air density x velocity 
x velocity) exceeds the material strength. However, 
the nature of the disintegration is not clear; it could 
be related to compressive strength or tensile strength. 
Also, if we consider that smaller rocks are generally 
stronger than larger rocks, this tends to suppress 
disintegration of small fragments. Therefore, it is not 
clear if a fireball explosion is well understood. 
Surface features of meteorite fragments may afford 
evidence concerning how and where they separated 
from the main meteoroid body. They may also tell us 
physical conditions in a fireball. This is a preliminary 




According to [1], the main explosion continued 
for 1.2 seconds during which the meteor travelled 
~23 km. Because of the shallow flight angle (~17
˚,[2]) the altitude decreased only by 7 km during the 
explosion. This corresponds to an increase in the air 
density by a factor of 2.4 (assuming an exponential 
atmosphere with a scale height of 8 km). This means 
(assuming a constant velocity) that every part of the 
Chelyabinsk meteoroid has material strength within a 
factor of 2.4. This is a very small range.  
 
Surface morphological features of Chelyabinsk 
meteorite fragments: 
There are many fragments of the Chelyabinsk 
meteorite. It is to be noted that most of my 
observations in this study were made by looking at 
pictures shown on web sites. The fragments are 
divided into several groups based on the degree of 
ablation that they experienced.  
 
(1) Small size (peas and buttons): 
These are small (< 1g) well ablated fragments. 
Peas are spheroidal whereas buttons are 
hemispherical with a flat rear face. Presumably, the 
buttons formed by breakup of peas. Rollover lips are 
often observed on peas. This suggests that their 
flights were not oriented during the early part of their 
flights resulting in spherical shape. Then, later on, 
the angular momentum was lost by the ablation and 
their flights became oriented and formed rollover lips. 
Since these small meteorites are found in the 
foreground of the strewn field [3] they are likely to 
have separated from the main body at a high (~90 
km?) altitude.  
 
(2) Intermediate size with smooth surfaces: 
There are many smooth-surface sub-rounded 
fragments which weigh ~10 g and are completely 
covered with fusion crusts, suggesting un-oriented 
flight during ablation. The roundness suggests that 
they experienced considerable ablation, perhaps 
losing more than ~80% of the initial mass of the 
fragments at their breakup from the main body. I 
suggest that they separated from the main body 
before the main explosion.  
 
(3) Large size and irregular shape: 
This group is further divided into three 
subgroups. 
(a) Fully crusted:  
This group is distinguished from the intermediate 
size group by the irregular (non-rounded) shape 
which indicates that the ablation process removed 
only a small fraction (less than 50%) of the initial 
mass of the fragments at their breakup from the 
main body. Because there are many of such 
fragments they probably originated in the main 
explosion. The full coverage by fusion crusts 
means that the fragments were not oriented 
during the ablation. The following two subgroups 
probably formed by subsequent fragmentations of 
this group. 
(b) Partly crusted with a roasted rear face: 
There are many fragments whose rear faces are 
not covered with fusion crusts. (In some cases the 
judgment of “rear” may be subjective.) In many 
cases, the rear faces are flat. In other cases, the 
rear faces are rough with depressions and 
protrusions. The rear faces are more or less 
roasted (scorched) and rollover lips are often 
observed on the edges, showing that the ablation 
process was continuing after the breakup of the 
rear faces and the flight is oriented (if rollover 
lips are present). The roasting is understood as 
due to the hot air in the wake. A simple minded 
calculation of adiabatic expansion of hot and 
dense air (20000 K and ~4x10
7
 Pa) in the bow 
shock to an ambient air pressure (~10
4
 Pa) in the 
wake shows that the temperature in the wake may 
be ~1860 K. This seems to be just about the right 
temperature for roasting if one considers that the 
process continued for only a second or so. Since 
there are numerous fragments with this feature 
and since they have to form in a hot environment 
they probably formed during the main explosion. 
The often-observed flat rear face is due to failure 
along pre-existing fractures.  
(c) Partly crusted with a fresh rear face: 
This is similar to the previous group except for 
the fresh (un-roasted) rear face. The un-roasted 
nature indicates that the ambient temperature was 
low, suggesting formation after the main 
explosion. Some of the rear faces may have 
formed by the impact onto the ground. But since 
the ground was mostly covered with snow, many 
of the fragments with fresh rear faces probably 
formed in the air.  
 
Surface color: 
Surface (mostly covered with fusion crust) color 
of chondrites is usually black, suggesting dominance 
of magnetite. In the case of Chelyabinsk meteorite 
fragments of group 3, red color (indicating 
dominance of hematite) is often observed on flat (or 
concave) faces. This is not due to terrestrial 
weathering because it is observed even on fragments 
recovered soon after the fall [3]. The well molten 
fusion crust and protruded areas of the same 
fragment are black. Redox conditions in the wake of 
a meteor are close to the hematite-magnetite buffer. 
Assuming the pressure in a wake is the ambient air 
pressure, at 20 km and 30 km altitudes, hematite is 
stable at <1270 C and at <1200 C, respectively [4]. 
Therefore, the red-colored areas were probably 
formed under these conditions. Fusion crusts on the 
front (and side) faces (heated by the hot compressed 
air both due to conduction and irradiation) formed at 
much higher temperatures where magnetite is stable. 
These observations are consistent with the 
interpretation that the group 3 fragments formed in 
the main explosion.  
 
Discussion: 
Based on morphological features, Chelyabinsk 
meteorite fragments were classified into 5 groups. 
The interpretations of the features are not particularly 
new, but the grouping fits nicely with the degree of 
ablation expected for fragments produced during 
pre-explosion, explosion and post-explosion phases 
of the fireball. The observation that red-colored 
surfaces are not rare among the Chelyabinsk 
fragments is explained as a result of deep penetration 
of the meteor and fragmenting at low altitudes. This 
may be a common feature of meteorites produced by 
huge meteoroids. 
Regarding disintegration processes of 
meteoroids, an important implication may be 
obtained from the group 3b fragments. In particular, 
the presence of fragments with a flat (rear) surface 
decorated with rollover lips seems important. The 
flat face is produced by breaking up a pre-existing 
fracture. We know that fractures produced in 
chondrites are often parallel to each other. There are 
actually pieces of parallelepiped and slab shaped 
Chelyabinsk meteorite fragments which were 
produced by breaking up of the parallel fractures. 
Taken together, these observations suggest that the 
flat rear face of group 3b may be produced by 
breakup of a slab from the rear face. In such a case, 
the flight orientation is likely to be kept during the 
breakup. This reasoning and the presence of rollover 
lips mean that the flight was already oriented before 
the breakup. This finally means that the breakup 
could be due to tensile failure, because not much 
compressive stress is available near the rear surface. 
There is a super-sonic air flow near the edge of the 
rear face along the side faces. This causes a strong 
tensile stress on the side faces which could cause the 
tensile failure.  
If my reasoning given above is wrong or not 
applicable to all group 3b fragments, flight of some 
fragments may be un-oriented before the breakup and 
became oriented by the change in the fragment shape. 
The plausibility of such an interpretation depends on 
the time scale of stopping rotation and the time scale 
of fusion crust formation. My explanation in the 
previous paragraph is based on the assumption that 
fusion crusts form instantaneously if the normal 
vector of the newly formed surface is momentarily 
directed forward. Correctness of this explanation 
hinges on rotation rates and the number of rotation 
before the flight becomes oriented. This is an 
important subject of a future study because oriented 
meteorites provide useful information on fireballs.  
If it is agreed that the group 3b fragments with a 
flat surface decorated with rollover lips were 
produced by tensile failure, this conclusion may be 
extended to the case with a rough surface whose edge 
is decorated by rollover lips.  In this case, because 
the new rough surface has to be created by tearing up 
grain boundaries, we expect significant interaction 
between the fractured surfaces which may cause 
rotational torque. Yet there may be fair chances that 
such fragments were oriented before the breakup and 
remained oriented after the breakup, too.  I note that 
rough surfaces are likely to be produced by tensile 
stresses because compressive failure of rocks usually 
results in a nearly flat fracture. Shock induced flat 
fractures (due to compressive failure) are abundantly 
observed in the Chelyabinsk meteorite. In passing, I 
suggest that regmaglypt which is the name for 
depressions on meteorite surfaces may simply be 
remaining depressions created by tensile failure and 
remained un-erased by the ablation process. 
In conclusion, based on surface features of the 
Chelyabinsk meteorite fragments, I suggest that 
tensile failure near rear surfaces is an important 
disintegration process of meteoroids. If tensile 
strength of a meteoroid is restricted to a very narrow 
range, one may conclude that the Chelyabinsk 
fireball explosion is well understood. Thus, tensile 
strength measurements of Chelyabinsk meteorite 
fragments are important. 
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